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Abstract
Mechanisms of DNA alkylation and repair were 
investigated in 3 small fish species. Following aqueous 
exposure to either AHnethyl-.W'-nitro-.N'-nitrosoguanidine 
or ethyl methanesulfonate, the hepatic DNA from the 
western mosquitofish, Gambusia affinis, was analyzed for 
alkyl-DNA adducts via high performance liquid 
chromatography - mass spectrometry/mass spectrometry. 
Although potential tissue detection limits ranged from 14 
- 101 fmoles of alkyl adducts / mg tissue, no alkyl-DNA 
adducts were detected in the exposed tissues. To assess 
the potential repair of alkyl-DNA adducts in 2 other 
small fish species, alkyltransferase activities within 
hepatic protein extracts of the Gulf killifish, Fundulus 
grandis, and Gambusia affinis were determined using an in 
vitro alkyl group transfer system. The alkyltransferase 
activities were detectable in both species, reaching a 
plateau with the removal of less than 31% of the 
available alkyl groups from DNA. Preincubation of the 
protein extracts with 06-benzylguanine failed to inhibit 
these alkyltransferase activities. Sheepshead minnows, 
Cyprinidon variegatus, were exposed to aqueous
iv
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concentrations of A/’-methyl-AT'-nitro-.W-nitrosoguanidine, 
and then were examined histologically for evidence of 
neoplasia at 10 week intervals until 40 weeks post­
exposure. No neoplasms were detected.
v
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Chapter 1: Introduction / Literature Review
Alkylating agents are among the most potent known 
mutagens and carcinogens. These are well-documented 
carcinogens in experimental mammals and fish and are 
suspected dietary carcinogens in humans. Alkylating 
agents are substances that are capable of donating alkyl 
groups, usually methyl or ethyl groups, to cellular 
macromolecules such as DNA and proteins. The addition of 
these alkyl groups to DNA can have a profound influence 
on cellular function.
A number of exogenous and endogenous compounds have 
been recognized as alkylating agents. They are 
potentially cytotoxic, mutagenic, and carcinogenic. In 
general, ethylating agents are more mutagenic and 
carcinogenic than methylating agents.
Alkylating agents may be divided into bifunctional 
and simple/monofunctional compounds. Bifunctional 
alkylating agents donate two alkyl groups to DNA, 
resulting in DNA crosslinking, and are highly cytotoxic. 
Their mutagenic effects tend to be masked by this 
cellular toxicity. The first to be widely used was the 
World War I chemical warfare agent, mustard gas (di-[2- 
chloroethyl]sulphide), although it would be decades
1
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before its structure and function were known (Brookes, 
1990). The demonstration of lethal, sex-linked mutations 
in adult male Drosophila melanogaster fruit flies exposed 
to mustard gas was the first evidence of chemical-induced 
mutagenesis. Mustard gas was gradually replaced as a 
research tool by less toxic compounds such as the 
chloroethylating agent carmustine (BCNU).
Monofunctional alkylating agents donate a single 
alkyl group to DNA. They are less cytotoxic but highly 
mutagenic (Brooks, 1990). This category includes the 
alkyl alkanesulfonates and the W-nitroso compounds. All 
are important research tools in the investigation of 
alkylation mutagenesis and carcinogenesis.
Alkyl alkanesulfonates include methyl 
methanesulfonate (MMS) and ethyl methanesulfonate (EMS). 
These were originally synthesized as insect and mammalian 
chemosterilants, but are currently used as alkylating 
agents in industrial/chemical processes (Beranek, 1990) . 
The alkyl alkanesulfonates act directly upon DNA and do 
not require metabolic activation. Methyl methanesulfonate 
is highly mutagenic and carcinogenic, while ethyl 
methanesulfonate is also mutagenic, but generally not 
carcinogenic (Loveless, 1969).
2
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N-nitroso compounds include the nitrosamides and the 
nitrosamines. AHnethyl-Af'-nitro-A7-nitrosoguanidine 
(MNNG) and W-methyl-W-nitrosourea (MNU) are the most 
prominent nitrosamides. These have been restricted to 
laboratories for use as plant mutagens and in reactions 
requiring alkylation (Beranek, 1990). Nitrosamines such 
as diethylnitrosamine and dimethylnitrosamine occur in 
small quantities in food and tobacco products (Bartsch, 
1990).
The nitrosamides are direct acting and do not 
require metabolic activation. Under experimental 
conditions in rodents, nitrosamides cause neoplasms at 
sites of direct contact (skin, upper GI) and sites where 
repair of DNA adducts is deficient (brain, lymphatic 
system) (Mirvish, 1995). Brain and mammary gland are 
target organs in rats. Thymus is a target organ in mice 
(Craddock, 1984).
In contrast, nitrosamines require metabolic 
activation to interact with DNA and exert their 
carcinogenic effects in rodents predominately at those 
sites at which metabolism takes place. These sites 
include the liver, and the upper respiratory, 
gastrointestinal, and urinary tracts (Mirvish, 1995).
3
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Man and other animals are exposed to complex 
mixtures of W-nitroso compounds from a variety of 
exogenous and endogenous sources. The use of tobacco 
products, both for smoking and chewing, can result in 
high exposures to nitrosamines (Bartsch, 1984). 
Foodstuffs, particularly moldly corn products and 
nitrite-cured meats, may also contain W-nitroso compounds 
(Finley, 1992). Nitrites provide color stability, prevent 
oxidation, and inhibit toxin formation by Clostridium 
botulinum. Cooking or drying foods over an open flame can 
also result in the formation of N-nitroso compounds. Some 
industrial workers, particularly those in the rubber and 
tanning industries, are exposed to high concentrations of 
these compounds (Bartsch, 1984) .
Endogenous formation of N-nitroso compounds may be 
the most significant route of exposure in humans. These 
substances are formed via the reaction of nitrite with 
secondary amines and alkylamides under acidic conditions 
(Mirvish, 1995). The stomach is the most important 
potential site for this to occur. Bacteria can also 
perform this chemical reaction at neutral pH, and this 
may play a role in the induction of gastric neoplasms in 
individuals with chronic gastritis (Mirvish, 1995) .
4
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Achlorhydria secondary to gastritis may result in 
increased gastric bacterial colonization. Bacteria carry 
out the nitrosation reactions, thus producing mixtures of 
N-nitroso compounds which act upon the gastric mucosa. 
Bacterial production of N-nitroso compounds may also play 
a role in the association between chronic cystitis and 
urinary bladder squamous cell carcinoma (Bartsch, 1990).
Nitrate, which is reduced to nitrite by bacteria, 
and nitrites occur in a wide variety of foodstuffs, 
including preserved or processed meat and fish, fermented 
foods, contaminated water, and vegetables (Finley, 1992). 
Vitamin C and polyphenols inhibit the formation of N- 
nitroso compounds at low and neutral pH and are plentiful 
in fresh vegetables (MacKerness, 1989).
Inflammation may contribute to the production of N- 
nitroso compounds through the formation of nitric oxide, 
which also can act as a nitrosating agent. Under in vitro 
chemical and cell culture conditions, nitric oxide 
readily reacts with amines to form nitrosamines. This 
mechanism is suspected for those neoplasms that occur in 
association with chronic inflammatory conditions. These 
include ulcerative colitis and colonic adenocarcinoma, 
Schistosomiasis and urinary bladder transitional cell
5
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carcinoma, Opistorchis infection and cholangiocarcinoma, 
Hepatitis B virus infection and hepatocellular carcinoma, 
and Helicobacter gastritis and gastric carcinoma 
(Mirvish, 1995).
Moldy corn is an important source of N-nitroso 
compounds in South Africa and China. This may be an 
important factor in the high incidence of esophageal 
squamous cell carcinoma in these regions (Mingxi, 1980; 
Marasas, 1988). Nitrate ground water contamination, 
ingestion of pickled vegetables, and deficiencies in 
vitamin C and other vitamins may also be contributing 
factors (Yang, 1984; Marasas, 1988) .
The high rate of gastric carcinoma in Korea may be 
associated with the consumption of salted pickled cabbage 
(kimchi) which has abundant N-nitroso compounds (Seel,
1994). Gastric carcinoma in Spain is epidemiologically 
correlated with ingestion of nitrite-containing foods, 
particularly those that have been smoked or pickled. 
Consumption of vitamin C in citrus fruits and raw green 
vegatables is a negative risk factor for this neoplasm 
(Ramon, 1993; Gonzalez, 1994) . There is sketchy 
epidemiological evidence in the United States that 
suggests a correlation between exposure to tf-nitroso
6
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compounds and the development of pediatric and adult 
brain tumors (Preston-Martin, 1982; Preston-Martin,
1989).
Other endogenous cellular processes can result in 
DNA alkylation. N7- and 06-methylguanine residues have 
been detected in liver DNA of rats following exposure to 
non-alkylating hepatotoxins. S-adenosylmethionine, a 
normal constituent in cellular metabolism, is strongly 
implicated as the methyl donor (Barrows, 1982) . In 
addition, compounds capable of alkylating DNA are among 
the minor byproducts of lipid peroxidation (Vaca, 1988). 
These endogenous processes may be the reason that DNA 
repair proteins specific for the repair of alkylation- 
induced DNA damage, namely 06-alkylguanine-DNA 
alkyltransferase, are detected throughout evolutionary 
history from bacteria to mammals.
Monofunctional alkylating agents degrade or are 
metabolized to a common reactive intermediate, the alkyl 
diazonium ion (Grover, 1979; Milligan,1989; Ukawa- 
Ishikawa, 1998) . N-methyl-AT'-nitro-AT-nitrosoguanidine, 
for example, breaks down to the methyl diazonium ion 
under physiologic conditions in the presence of cysteine 
residues (Wheeler, 1972). Other W-nitroso compounds, like
7
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N-methyl-A/-nitrosourea, generate the methyl diazonium ion 
spontaneously, while the nitrosamines require cytochrome 
P-450 dependent hydroxylation (Wheeler, 1972; Grover,
1979). The alkyl diazonium ion is electrophilic (electron 
deficient), and donates alkyl carbonium ions to DNA sites 
which are electron rich or nucleophilic. The resulting 
DNA adducts occur most frequently at ring oxygens and 
nitrogens. DNA adducts are defined as addition products 
or complexes to DNA, and result from covalent binding of 
chemical groups.
Alkyl alkanesulfonates react most readily with 
highly nucleophilic ring nitrogens, particularly the N7 
position of guanine (Lawley, 1974/ Horsfall, 1990;
Beranek, 1990). Other nitrogen sites like N1 adenine and 
N3 cytosine are less likely to be alkylated due to steric 
hindrance at those sites. W-nitroso compounds act 
predominately at N7 guanine, but they also react with less 
nucleophilic sites such as O6 guanine (Beranek, 1990) .
The most common reaction product of alkylating 
agents, N7-alkylguanine, does not appear to lead to 
mutagenesis or carcinogenesis (Swann, 1968b; Ludlum,
1970; Pegg, 1984). The formation of 06-alkylguanine is the 
key event in alkylation mutagenesis and carcinogenesis
8
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(Loveless, 1969; Margison, 1979; Newbold, 1980; Pegg, 
1984). 04-alkylthymine also is an important mutagenic and 
carcinogenic site, particularly for ethylating agents 
(Pegg, 1984; Swenberg, 1984; Swenberg, 1985) . In certain 
mammalian cell culture lines, 04-alkylthymine is more 
mutagenic than 06-alkylguanine (Altshuler, 1996).
Both 06-alkylguanine and 04-alkylthymine result in 
transition mutations (Toorchen, 1983; Altshuler, 1996; 
van Zeeland, 1996). In the case of 06-alkylguanine, 
guanine-cytosine base pairs are replaced by adenine- 
thymine base pairs (GC-»AT transition mutations). 
Similarly, adenine-thymine base pairs are replaced by 
guanine-cytosine base pairs (AT-K3C transition mutations) 
when 04-alkylthymine is present. These transition 
mutations may induce neoplasms (Swenberg, 1984; Dyroff, 
1986) .
Alkylation at 06-guanine and 04-thymine alters the 
typical hydrogen bonding pattern. The normal guanine- 
cytosine base pair has three hydrogen bonds. The O6- 
alkylguanine lesion disrupts one hydrogen bond, and the 
two remaining bonds shift into a 'wobble' arrangement 
(Patel, 1986a; Kalnik, 1989b). 04-alkylthymine causes a
9
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similar shift in hydrogen bonding (Kalnik, 1988a; Kalnik, 
1988b).
The most important mechanism of repair of alkyl-DNA 
adducts is the family of 06-alkylguanine-DNA 
alkyltransferase proteins. These proteins have been 
detected in bacteria, humans, other mammalian species, 
fish, and insects. Activities are highest in bacteria 
followed by, in decreasing order, humans, rats, mice, and 
fish (Gerson, 1986; Nakatsuru, 1987). In most cells 
alkyltransferase levels are inversely related to the 
susceptibility of these cells to alkylation-induced 
mutation and cytotoxicity (Pegg, 1995a).
The alkyltransferases repair alkylated DNA by the 
direct transfer of an intact alkyl group from the 06 
position of guanine and the 04 position of thymine to its 
own cysteine active site (Mehta, 1981; Pegg, 1992). The 
previously alkylated base returns to normal structure and 
function (Pegg, 1995a), and the alkylated 
alkyltransferase protein degrades. Alkyltransferase has 
been termed a suicide protein, since each molecule may 
act only once and may not be regenerated.
Alkyltransferases act upon a wide variety of alkyl 
species, including methyl, ethyl, isopropyl,
10
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hydroxyethyl, and chloroethyl groups (Pegg, 1995a).
Methyl groups are removed most proficiently, while the 
repair of other alkyl products is significantly less 
efficient. The efficiency of removal is inversely 
proportional to the size and complexity of the target 
alkyl group.
The main site of activity within DNA is 0s guanine. 
Bacterial alkyltransferases are also active at 04 thymine. 
In contrast, mammalian alkyltransferase repairs 04- 
methylthymine inefficiently and only when the protein is 
present in overwhelming excess (Pegg, 1995a). 04- 
ethylthymine is not repaired by mammalian 
alkyltransferase at all. The combined effects of 
decreased repair of ethyl groups and inactivity at O4 
thymine are important contributory factors in the 
increased mutagenicity and carcinogenicity of ethylating 
agents in comparison to methylating agents.
Structurally, the bacterial alkyltransferases, Ada 
and ogt, consist of two, 19 kilodalton subunits which are 
joined by a short linker chain (Bhattacharyya, 1998). The 
carboxyl terminal subunit binds to DNA and acts upon 06- 
alkylguanine. The other subunit repairs alkylated 
phosphotriesters (Moore, 1994; Pegg, 1995a).
11
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The mammalian alkyltransferase, MGMT, is 
approximately 19 kilodaltons and is structurally similar 
to the bacterial carboxyl subunit that interacts with 
guanine (Moore, 1994; Pegg, 1995a). There is a 
significant amino acid sequence homology between these 
subunits, particularly surrounding the cysteine active 
site (Chan, 1993; Moore, 1994; Pegg, 1995a).
The mechanism of DNA binding and alkyl group 
transfer is incompletely understood, but the current 
research suggests that the protein binds the alkylated 
base by forming hydrogen bonds with the 06, N1, and N2 
positions (Federwisch, 1997). In both bacterial and 
mammalian alkyltransferases the cysteine active site is 
buried within the molecule, and is not available to the 
surrounding environment. As DNA binding occurs, 
conformational changes occur in both the protein, in 
which the molecule unfolds to expose the cysteine active 
site, and in the DNA strand. The protein may overwind the 
DNA helix, thus creating a short single-stranded segment 
and rotating the target alkyl adduct out of the helix 
(Federwisch, 1997). These conformational changes appear 
to be vital in bringing the protein active site into 
close proximity with the alkylated base. As the cysteinyl
12
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sulfur on the protein active site binds and removes the 
alkyl group, it simultaneously donates a proton to the 
oxygen to stabilize its charge (Spratt, 1992).
The conformational changes also render the 
alkyltransferase susceptible to proteolysis (Pegg,
1995a). The resulting degradation products may serve as a 
signal for the movement of cytoplasmic alkyltransferase 
into the nucleus (Ishibashi, 1994).
Alkyltransferases exist as monomers when not 
interacting with DNA. When bound to DNA, however, they 
form oligomers of 4-9 protein molecules (Fried, 1996). 
This clustering of proteins about DNA may be influential 
in the DNA binding properties, or may simply allow for 
more DNA coverage when checking for alkylated bases. 
Alternatively, oligomerization may contribute to 
conformational changes necessary for repair activity.
Alkyltransferase activity is inducible in bacteria 
exposed to continuous, low levels of alkylating agents 
(Schendel, 1978). This results in increased protection 
against alkylation-induced DNA damage. Alkyltransferase 
activity is not significantly inducible in mammalian 
cells. As a result, alkyltransferase levels may become 
depleted in mammals exposed to high alkylating
13
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concentrations, and it may take hours or days to 
regenerate.
Alkyltransferase activities vary widely amongst 
different organs and cell types. In many cases this can 
be correlated with susceptability to the mutagenic and 
carcinogenic effects of alkylation. In Chinese hamster 
ovary, human lymphocyte, and human fibroblast cell lines, 
alkylation-induced chromosomal aberrations and 
cytotoxicity are prevented in those cells expressing high 
levels of alkyltransferase (Harris, 1993; Bean, 1994).
The amount of alkyltransferase activity in the C3H/10Tk 
cell culture line is inversely proportional to the number 
of mutations following alkylation by W-methyl-Af'-nitro-N- 
nitrosoguanidine (von Hofe, 1992) .
In mammals, alkyltransferase levels are highest in 
the liver. Brain and bone marrow precursors are usually 
alkyltransferase deficient, exhibiting activities from 9% 
to 18% of that reported in the liver (Grafstrom, 1984; 
Gerson, 1985). These are target organs for the cytotoxic 
and carcinogenic effects of alkylation.
Methylation-induced brain neoplasms are common in 
rats and are association with the cerebral accumulation 
of 06-methylguanine (Margison, 1975). Humans with brain
14
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tumors often lack alkyltransferase activity in normal 
brain tissue adjacent to the neoplasm (Silber, 1996). In 
particular, oligodendrocytes and microglia, which are the 
cells of origin of most human brain neoplasms, are often 
alkyltransferase deficient (LeDoux, 1996).
The murine thymus, especially the thymic lymphocyte, 
is also alkyltransferase deficient. As a result, thymic 
lymphomas in mice exposed to W-methyl-W-nitrosourea are 
extremely common. The transfection and expression of the 
human alkyltransferase gene (MGMT) in these mice almost 
completely abolishes the incidence of the neoplasm 
following alkylation (Dumenco, 1993; Liu, 1994; Zaidi, 
1995) .
Alkyltransferase activity within the colon varies 
widely between individuals. There is a strong 
predilection in alkyltransferase-deficient individuals 
for GC—*AT transition mutations in the K-ras oncogene, 
which appears to play a key role in induction of 
colorectal carcinoma (Jackson, 1997).
Human alkyltransferase does not repair 04- 
ethylthymine (Mitra, 1993). A separate, poorly 
characterized repair activity in human cells is specific 
for this lesion. The repair activity is low, but of
15
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similar magnitude in brain, liver, and kidney (Wani,
1990).
Another DNA repair mechanism, 3-methyladenine DNA 
glycosylase, repairs methyl and ethyl adducts at N3- 
adenine, N3-guanine, and N7-guanine in bacteria and human 
cells. This enzyme excises the entire affected base 
(Labahn, 1996; van Zeeland, 1996), resulting in an 
apurinic site. The abnormal nucleotide is then excised by 
AP endonucleases (Mitra, 1993).
If 06-al)cylguanine or 04-alkylthymine are not 
repaired, then the bases are mispaired at the next DNA 
synthesis phase. Os-alkylguanine is paired with thymine, 
and 04-alkylthymine is paired with guanine (Singer, 1990). 
The mechanism by which the mispairing occurs is not 
clear. The 06-alkylguanine-cytosine base pair is more 
stable with stronger hydrogen bonding than the O6- 
alkylguanine-thymine base pair (Gaffney, 1989). O6- 
alkylguanine and thymine are paired by only a single 
hydrogen bond (Patel, 1986b; Kalnik, 1989a). The 'wobble' 
hydrogen bonding pattern between 06-alkylguanine and 
cytosine may strain or weaken the DNA double helix. In 
that case, DNA polymerase might insert thymine opposite
16
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06-alkylguanine as a mechanism to stengthen the DNA 
backbone (Swann, 1990).
Once the 06-alkylguanine-thymine base pair is formed 
there are 2 possible outcomes in the affected cell, cell 
death or mutation. Monofunctional methylating agents 
appear to cause cell death via dysfunctional DNA repair 
interactions, not direct cytotoxicity. Cell death is 
intimately linked with the mismatch DNA repair mechanism, 
which recognizes and repairs improperly matched bases 
immediately prior to DNA synthesis. The absence of 
mismatch repair activity is correlated with genetic 
instability and increased mutation rates, both in the 
presence and absence of alkylation (Karran, 1992).
Cell lines deficient in mismatch repair do not 
undergo cell death following alkylation exposure, but 
develop permanent GC->AT transition mutations and genomic 
instability (Kat, 1993). Mismatch repair-deficient cells 
also exhibit significantly fewer chromosomal aberrations 
at the second DNA synthesis phase post-alkylation when 
compared to mismatch repair-competent cells (Galloway,
1995). It is at this second DNA synthesis phase when 
mismatch repair proteins would be expected to encounter 
the 06-methylguanine-thymine base pair.
17
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Alkyltransferase(-), mismatch repair(+) transgenic 
mice have markedly decreased survival rates following 
alkylation. The cytotoxicity is associated with bone 
marrow suppression and thymic lymphoid depletion. 
Alkyltransferase(-), mismatch repair(-) mice of the same 
breed have increased survivability following alkylation 
but exhibit a significantly increased incidence of 
neoplasia, particularly thymic lymphoma (Kawate, 1998).
The prevailing theory concerning the influence of 
mismatch repair upon alkylation-induced cytotoxicity is 
as follows (Karran, 1992; Kawate, 1998; Kog, 1996). It is 
known that the proteins of the mismatch repair system 
detect mistakes in base pairing and remove the incorrect 
nucleotide on the newly-formed daughter DNA strand. DNA 
polymerases and ligases then repair the defect by 
inserting a new nucleotide and annealing the broken ends.
In the case of the 06-methylguanine-thymine base 
pair, the mismatch repair proteins remove the thymine.
The 06-methylguanine is left intact since it is present on 
the maternal, not the daughter, strand. As a result, DNA 
polymerase again incorrectly pairs it with thymine.
This futile cycle continues until cell death occurs. 
Multiple rounds of mismatch repair may result in
18
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persistent DNA strand breaks if all the lesions are not 
annealed properly.
Cell death may ultimately be the result of DNA 
strand breakage and other chromosomal aberrations that 
induce apoptosis. In vivo and in vitro hepatic 
methylation by high dose exposure to dimethylnitrosamine 
causes abundant DNA fragmentation, which is a known 
inducer of apoptosis (Kamendulis, 1995). In addition the 
presence of 06-methylguanine within DNA results in 
programmed cell death in human cell culture lines 
(Meikrantz, 1998).
This mechanism of cell death appears valid for 
monofunctional methylating agents only. The mechanism of 
cytotoxicity caused by monofunctional ethylating agents 
is unknown. Bifunctional chloroethylating agents cause 
cell death by forming stable DNA-interstrand crosslinks 
(Kog, 1996). The intermediate reaction products prior to 
the formation of the DNA crosslink are susceptible to 
repair by 06-alkylguanine-DNA alkyltransferase. The DNA 
crosslink results in chromosomal aberrations, chromosomal 
rearrangements, sister chromatid exchanges, and strand 
breaks, all of which may induce programmed cell death 
(Kog, 1996).
19
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Cells that evade the activity of mismatch repair 
develop transition mutations. At the next DNA synthesis 
phase, an adenine is paired with the thymine. Cells in 
which this occurs are defined as tolerant because the 
absence of alkylation-induced cytotoxicity in these cells 
is not associated with increased alkylation repair 
(Karran, 1993).
The pattern of methylation-induced GC-*AT transition 
mutations is not random. Nitrosamines and nitrosamides 
have a predilection for causing transition mutations at 
guanines preceded by purines. Ethylating agents do not 
exhibit this sequence specificity (Bender, 1996).
Under in vitro conditions there is a ten-fold 
increase in the methylation of the 06 position of guanines 
which are preceded by guanine and followed by adenine 
(Sendowski, 1992). Similarly rat liver DNA that is 
methylated in vitro develops DNA adducts mostly at the 
second guanine in guanine-guanine-thymine or guanine- 
guanine-adenine codons (Mironov, 1993).
These locations correspond to the sites at which 
transition mutations occur in the ras gene of rat mammary 
carcinomas (Zarbl, 1985; Sendowski, 1992). This is also
20
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seen in methylation-induced neoplasms of the skin in 
rodents (Georgiadis, 1991).
Agents that alkylate DNA have been effective in the 
treatment of glioma, Hodgkin's and non-Hodgkin's 
lymphoma, malignant melanoma, pancreatic islet cell 
carcinoma, and mammary carcinomas in humans (Ferguson, 
1996). When used as antineoplastic chemotherapeutic 
drugs, these compounds are administered in high dosages 
designed to be cytotoxic to neoplastic cells. 
Chemotherapeutic alkylating agents include the following:





Bifunctional chloroethylating agents 
Carmustine (BCNU)
Lomustine (CCNU)
Unfortunately, neoplastic cells often possess 
markedly elevated levels of alkyltransferase activity 
(Frosina, 1990; Chen, 1992; Preuss, 1995; White, 1997) . 
The increased efficiency of this repair mechanism imparts 
resistance to the cytotoxic effects of alkylation 
chemotherapy (Dolan, 1990). Alkyltransferase activity in 
these cells appears to be the primary obstacle limiting 
the efficacy of these treatments. As a result,
21
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considerable effort has been aimed at the elucidation of 
mechanisms to inhibit alkyltransferase activity within 
neoplasms.
06-benzylguanine is the most effective inhibitor of 
alkyltransferase activity within cells. It holds promise 
as a future adjunctive chemotherapeutic agent. Its use 
may also allow for further research into the mechanisms 
of DNA alkylation by removing the repair effects of 
alkyltransferase.
06-benzylguanine has a structure very similar to that 
of 06-methylguanine. It acts as a pseudosubstrate for 
mammalian alkyltransferase by preferentially binding to 
the cysteine active site. The alkyltransferase transfers 
the methylbenzyl group to itself and is then inactivated 
(Pegg, 1993) .
The compound does not inhibit the actions of 
bacterial alkyltransferase Ada and is only marginally 
effective against bacterial alkyltransferase ogt. Steric 
hindrance associated with the increased size of the 
bacterial protein may preclude the protein from 
adequately interacting with 06-benzylguanine (Dolan,
1991b; Pegg, 1993).
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06-benzylguanine potentiates the cytotoxicity of 
alkylating chemotherapeutic agents when preincubated with 
human tumor cell culture lines (Dolan, 1991a; Baer, 1993; 
Pegg, 1995b; Wedge, 1996). Similar effects are noted in 
rodent xenografts of human neoplastic cell lines (Gerson, 
1993; Kurpad, 1997) .
Neither 06-benzylguanine nor the alkylating agents 
are specific for neoplastic cells, however. Hematopoietic 
precursors of the bone marrow, which are inherently 
deficient in alkyltransferase, are highly susceptible to 
alkylation-induced cytotoxicity and/or neoplasia.
Patients receiving alkylation chemotherapy appear to be 
at increased risk of secondary leukemia. Adjunctive 06- 
benzylguanine administration may contribute to this risk 
(Chinnasamy, 1997). There is abundant evidence that the 
toxic threshold in tissue culture cells is further 
lowered when 06-benzylguanine is used in conjunction with 
alkylating agents (Fairbairn, 1995; Gerson, 1996; 
Chinnasamy, 1997).
Future gene transfection of bone marrow precursors 
may alleviate this toxic effect. A number of mutant 
alkyltransferase genes have been constructed whose 
products are resistant to 06-benzylguanine inhibition
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(Christians, 1997). Insertion and expression of either 
mutant or wild-type alkyltransferase genes into 
hematopoietic stem cells imparts significant protection 
from the combined effects of the alkylating agents and 06- 
benzylguanine under in vitro and in vivo conditions 
(Allay, 1995; Jelinek, 1996; Maze, 1996; Reese, 1996; 
Davis, 1997) .
Aquarium fish species have been utilized as 
environmental sentinels and experimental models for 
almost 100 years. Originally fish were used in toxicity 
studies to evaluate the effects of waste and contaminated 
waters, both in field and laboratory conditions. These 
involved relatively simple acute toxicity tests in which 
death was the major endpoint. Over the past 35 years 
their use has been expanded to include endpoints related 
to mutagenesis, carcinogenesis, and xenobiotic 
metabolism.
A number of factors have been previously described 
that make aquarium fish appealing subjects as biomarkers, 
particularly in carcinogenicity testing (Koenig, 1984; 
Dawe, 1984). These fish species are small, generally less 
than 100 mm in length, and require less living space. 
Entire specimens can fit within cassettes, thus allowing
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for histopathological examination of whole animal 
sections on a single slide.
Toxicological exposures of hydrophilic compounds are 
readily achieved via waterborne exposures. These fish 
possess a rapid life cycle, and may be easily and 
inexpensively maintained. They often exhibit shorter 
post-exposure periods to neoplasm formation than 
mammalian models, yet control populations have an 
extremely low spontaneous tumor incidence.
Most aquarium fish species are sensitive to test 
chemicals. Because they are more similar to mammalian 
systems, data gathered from acute bioassays may be more 
applicable than from other standard organism systems, 
such as bacteria, Daphnia, or Drosophila.
There are significant disadvantages to the use of 
aquarium fish species as toxicological and carcinogenic 
models. Obviously, there are greater physiological 
differences between fish and man than there are for 
typical mammalian laboratory animals. The liver is the 
main carcinogenic target organ in most fish species, 
irregardless of the compound or mode of exposure. This is 
not the case in mammalian species.
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Due to the small size of these fish there may be 
difficulty in acquiring adequate tissue quantities for 
some assays, even when pooling specimens. Gross 
observation of lesions is often limited, leaving the 
pathologist to rely upon histological analysis alone. 
Intravenous, intramuscular, and intraperitoneal routes of 
exposure may be impractical due to their small size.
Finally, the aqueous environment may inhibit the 
administration of hydrophobic compounds. Determination of 
exact dosages may be difficult to calculate for 
individual animals.
The three fish species in this study, Gambusia 
affinis, Fundulus grandis, and Cyprinidon variegatus, 
have been used only sporadically as research models. The 
original habitats of all three are in the Southeastern 
United States, particularly along the coastline of the 
Gulf of Mexico (Dees, 1961; Courtney, 1984), and they can 
all be found in the estuarian ecocystems of Southern 
Louisiana (Baltz, 1993). These are hardy organisms and 
are tolerant of a wide range of temperatures and 
salinities.
Gambusia, the western mosquitofish, preys upon 
mosquito larvae and has been introduced into habitats
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throughout the world as a mosquito control vector (Dees, 
1961; Botsford, 1987). As research models they have been 
used predominately in studies of organic insecticide 
exposure and resistance (Ferguson, 1964; Andreasen, 1985; 
Naqvi, 1988). Gambusia were recently shown to be 
acceptable biomarkers of alkylation research through the 
measurement of alkylation-induced DNA adducts and 
carcinogenesis following exposure to methylazoxymethanol 
acetate (Law, 1994; Law, 1996).
Fundulus, the Gulf killifish, and Cyprinidon, the 
sheepshead minnow, have also been used as biomonitors of 
pesticide exposure (Schimmel, 1976; Hansen, 1977; Laska, 
1978; Goodman, 1979), as well as petroleum-derived 
hydrocarbons (Ernst, 1977). Both species have been 
infrequent subjects of carcinogenicity assays (Courtney, 
1984; Hawkins, 1985; Couch, 1987; Grizzle, 1988).
Fundulus is the largest of these three species, often 
reaching 100 mm in length. Its size has made it useful in 
immune function assays (Nevid, 1993; Roszell, 1998).
The compound most commonly used in alkylation 
carcinogenicity studies in fish is diethylnitrosamine. 
Most neoplasms occur in the liver following chronic, one 
to nine week exposures (Stanton, 1965; Ishikawa, 1975;
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Pliss, 1975; Khudoley, 1984; Klaunig, 1984; Couch, 1987; 
Hinton, 1988). Neoplasms generated include hepatoma, 
cholangioma, hepatocellular carcinoma, cholangiocellular 
carcinoma, and mesenchymal sarcoma. The requirement for 
metabolism of this compound in order to become active is 
an important contributing factor in this site specificity 
since liver is the primary metabolic organ. Short term, 
two hour exposure of Rivulus marmoratus larvae to 
diethylnitrosamine also resulted in hepatocarcinogenesis 
(Park, 1984). Esophageal papillomas were also induced in 
two test species, Danio rerio and Poecilia reticulata 
(Khudoley, 1984).
Two other alkylating agents that are commonly used 
as model carcinogens in fish, N-methyl-W'-nitro-N- 
nitrosoguanidine and methylazoxymethanol acetate, are 
direct acting and do not require metabolism.
Consequently, these result in neoplasms in a wider 
distribution of organs. Exposures to these compounds 
typically last one to two hours.
Following treatment with methylazoxymethanol 
acetate, hepatic neoplasms similar to those found with 
diethylnitrosamine are still the most common tumors 
(Aoki, 1977; Aoki, 1984; Hawkins, 1985; Hawkins, 1986;
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Law, 1994). However, other neoplastic sites include the 
eye, central nervous system, pancreas, kidney, and 
mesenchymal tissues (Hawkins, 1985; Hawkins, 1986; 
Fournie, 1987).
Hepatic neoplasms have not been reported in fish 
following exposures to N-methyl-N'-nitro-N- 
nitrosoguanidine. Target organs include skin, vascular 
system, mesenchymal tissues, spleen, and pancreas (Hyodo- 
Taguchi, 1984; Brittelli, 1985; Grizzle, 1988; Bunton, 
1996).
Measurements of DNA adducts and DNA repair in 
aquarium fish species are rare. Most DNA adduct analyses 
have utilized larger fish species exposed to polycyclic 
aromatic hydrocarbons or aflatoxin in the wild (Dunn, 
1987; Varanasi, 1989; Maccubbin, 1990) or under 
laboratory conditions (Shugart, 1987; Sikka, 1990; Zhang, 
1992) . O6- and N7-methylguanine were detected in Gambusia 
affinis via gas chromatography - mass spectroscopy (GC- 
MS) following exposure to methylazoxymethanol acetate 
(Law, 1996) . O6- and N7-ethylguanine were also detected 
via high performance liquid chromatography - 
electrochemical detection (HPLC-ECD) in rainbow trout,
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Salmo gairdneri, exposed to diethylnitrosamine (Fong, 
1988) .
DNA repair assays in fish have usually been limited 
to unscheduled DNA synthesis, a crude measurement of DNA 
repair utilizing tritiated thymidine (Ishikawa, 1984; 
Walton 1984). Alkyltransferase activity has been 
infrequently studied in fish. In vitro activity within 
liver protein fractions in fish is markedly less than in 
mammals and bacteria (Nakatsuru, 1987; Fong, 1988) . One 
fish species, the Japanese medaka (Oryzias latipes), 
exhibited hepatic alkyltransferase activity comparable to 
the mouse in data gathered in an experiment that directly 
compared the mouse to medaka (Nakatsuru, 1987). Salmon 
exposed to diethylnitrosamine exhibited little 
alkyltransferase activity in the liver (Fong, 1988) . 
Alkyltransferase activity varied widely in three cell 
culture lines derived from goldfish (Carassius auratus) 
fin tissue (Ikenaga, 1987) .
As detailed here, the events by which DNA alkylation 
exerts its effects upon organisms occur as part of a 
multistage process, beginning with the initial 
interaction with DNA to the eventual formation of a 
mutation and/or neoplasm. The main objective of this work
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is to evaluate multiple biochemical parameters in small 
fish species that are indicative of key developments in 
this event continuum. The initial binding of alkyl groups 
to DNA will be assessed by measuring DNA adducts in 
livers of Gambusia affinis following exposure to either a 
methylating agent or an ethylating agent. Information 
concerning the potential for repair of DNA alkylation 
will be obtained by measuring levels of hepatic 0s- 
alkylguanine-DNA alkyltransferase and the inhibition of 
this activity by 06-benzylguanine in Gambusia affinis and 
Fundulus grandis. Preneoplastic and neoplastic lesions 
following short-term exposure to a methylating agent in 
Cyprinidon variegatus will be evaluated via 
histopathology.
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Chapter 2: Tha Dataction of Alkyl-DNA Adducts in 
tha Livers of tha Western Mosquitofish, Gambusia. 
affinis, via High Performance Liquid 
Chromatography - Mass Spectrometry/ Mass 
Spectrometry (HPLC-MS/MS)
Hypothesis
Alkyl-DNA adducts of 06-guanine and N7-guanine will 
be detectable following DNA isolation, hydrolysis, and 
purification via high performance liquid chromatography - 
mass spectrometry/ mass spectrometry (HPLC-MS/MS) in the 
livers of Gambusia affinis exposed to N-methyl-W'-nitro- 
N-nitrosoguanidine (MNNG) or ethyl methane sulfonate 
(EMS).
Materials and Methods
Synthesis of alkylguanine standards
The standards used in this experiment were N7- 
methylguanine (N7mG) , N7-ethylguanine (N7eG) , 06- 
methylguanine (06mG), 06-ethylguanine (OseG), and their
7 7 7deuterated analogues, N -methylguanine-cb (N mG-dj), N - 
ethylguanine-ds (N7eG-ds) , 06-methylguanine-da (06mG-d;j), 
06-ethylguanine-d5 (06eG-d5) . These were synthesized as 
previously described (Law, 1996).
To prepare N7-methylguanine 1 mmol of guanosine was 
dissolved in 10 ml of dimethylsulfoxide, and 1 g of
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iodomethane was added. The solution was stirred at room 
temperature for 36 hours, then added dropwise to 50 ml of 
ice cold, rapidly stirring ethyl acetate. Five 
milliliters of dilute phosphate-buffered saline (pH 7.0) 
were added, and the sample was heated for 30 minutes at 
100°C. The solution was refrigerated overnight and 
centrifuged, and the precipitate was dried and frozen at 
-20°C. For the synthesis of N7-ethylguanine, N7- 
methylguanine-d^, and N7-ethylguanine-d5, the iodomethane 
was replaced by iodoethane, iodomethane-dj, and 
iodoethane-ds, respectively.
In the synthesis of 06-methylguanine, 2 mmol of 
sodium metal was dissolved in 1 g of methyl alcohol and 
added to 1 mmol of 2-amino-6-chloropurine. The solution 
was heated overnight at 70°C, then adjusted to pH 7.0 by 
adding acetic acid and refrigerated overnight. The 
solvent was evaporated under nitrogen. The remaining 
precipitate was twice dissolved in HPLC water and 
evaporated under nitrogen. For the synthesis of 06- 
ethylguanine, 0 6-methylguanine-d3, and 06-ethylguanine-ds, 
the methyl alcohol was replaced by ethyl alcohol, methyl- 
dj alcohol, and ethyl-ds alcohol, respectively. The 
identities and purities of the standards were confirmed
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by HPLC analysis and diode array detection compared to 
previously generated spectra.
Exposure of fish to alkylating agents
Adult Gambusia, from 20 to 35 mm in length, were 
fasted overnight. Groups of ten fish were immersed for 2 
hours in 1.5 liters of oxygenated, dechlorinated water 
containing 0.1 mM A/-methyl-N'-nitro-A/-nitrosoguanidine 
(MNNG) or ethyl methane sulfonate (EMS). The MNNG was 
dissolved in dimethylsulfoxide prior to its addition to 
the exposure vessel. The temperature was maintained at 
27±1°C, and dissolved oxygen levels and pH were monitored 
pre-exposure. Following exposure the fish were rinsed in 
dechlorinated water and transported to 40 liter aquaria. 
Fish were sampled immediately post-exposure and at 24 
hour intervals until 96 hours. Specimens were 
anesthetized in ice water and decapitated. Harvested 
livers were frozen in liquid nitrogen in 50-100 mg pools 
and stored in sealed cryotubes at -75°C.
Isolation of alkyl-DNA adducts
Frozen liver samples were pulverized in 1.2 ml of 
digestion buffer per 100 mg of tissue. The digestion 
buffer was composed of 100 mM NaCl, 10 mM Tris-HCl, 0.5% 
sodium dodecyl sulfate, 25 mM EDTA (pH 8.0), and 0.1
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mg/ml proteinase K. The proteinase K was added to the 
buffer solution immediately before use. Tissue and 
reagent blanks were processed simultaneously.
The samples were incubated in a shaker for 12-18 
hours at 50°C. The DNA was extracted twice with equal 
volumes of 25:24:1 phenol:chloroform:isoamyl alcohol. The 
DNA was precipitated by the addition of volume of 7.5 M 
ammonium acetate and 1 volume of isopropanol. Following 
centrifugation for 3 minutes at 13,000 x g the 
supernatants were discarded and the pellets were washed 
by 0.5 ml 70% ethanol. The samples were centrifuged again 
at 13,000 x g for 3 minutes. The supernatants were 
discarded, and the DNA pellets were briefly air dried.
The DNA pellets were suspended in 200 nl of HPLC 
water. Samples from fish that had been exposed to MNNG 
were spiked with 100 ng each of N7-methylguanine-d3 and 
0 6-methylguanine-d3. Samples from fish that had been 
exposed to EMS were spiked with 100 ng each of N7- 
ethylguanine-ds and 06-ethylguanine-ds. Three tissue 
blanks and 3 reagent blanks were included. To all samples 
were added 0.1 volume of 1 N hydrochloric acid. The bases 
were released from the DNA by incubation at 75°C for 30 
minutes. The samples were neutralized by adding 0.1
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volume of 1 N sodium hydroxide, then 0.5 volumes of 10 mM 
ammonium acetate (pH 5.5). The remnant DNA was separated 
from the bases by centrifugation at 3000 x g for 20 
minutes in 30 kDa Microcon YM-30 microconcentration 
filters (Millipore: Bedford, MA).
Bond-elut Cis cartridges (Varian: Palo Alto, CA) of 1 
ml capacity were used to desalt the samples. The 
cartridges were conditioned with 1 ml of acetonitrile, 
then 1 ml of HPLC water. Samples were run through the 
cartridges, followed by 1 ml of HPLC water. The bases 
were eluted in 1 ml of acetonitrile.
The samples were evaporated under nitrogen and 
resuspended in 175 fil of acetonitrile. After vortexing, 
the solutions were transferred to glass minivials and 
again evaporated under nitrogen. The samples were 
resuspended in 100 til of 10 mM ammonium acetate (pH 5.5), 
vortexed, and frozen at -20°C.
Analysis by HPLC-MS and HPLC-MS/MS
Fifty microliter aliquots were analyzed using a 
Hewlett Packard Series II 1090 Liquid Chromatograph 
coupled to a Fissons Quattro II LC/MS/MS (Micromass: 
Beverly, MA). The liquid chromatograph was equipped with 
an Alltima narrow bore C18 5u particle size guard column
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and an Alltech C18 5u particle size separation column 
(150 mm x 2.1 mm). The flow rate was set at 0.2 ml/min 
using a gradient of 10 mM ammonium acetate (pH 5.5) and 
0.05% acetic acid in methanol according to the schedule 
in Table 2.1.
Table 2.1 - The gradient timetable for HPLC analysis.
Time 10 mM ammonium 
acetate (pH 5.5)
0.05% acetic acid 
in methanol







Tandem mass spectroscopic (MS/MS) analysis was 
performed using Atmospheric Pressure Chemical Ionization 
(APcI+) with Multiple Reaction Monitoring (MRM). Sample 
ionization occurred under the conditions listed in Table 
2 .2 .
Table 2.2 - The ionization conditions for tandem mass 
spectroscopic (MS/MS) analysis.
Collision gas Argon
Collision energy 30 v




Apcl+ probe temperature 400°C
Multipliers 800 v
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Results
Analysis of alkylquanine standards
Initial HPLC-MS analyses were performed on each of
the 8 standards to confirm the purity and molecular
weights of these compounds. The total HPLC-MS ion spectra
generated are depicted in Figures 2.1 to 2.8.
The standards were then analyzed via HPLC-MS/MS. The
total HPLC-MS/MS ion spectra generated for these 8
standards are depicted in Figures 2.9 to 2.16. The
retention times and major peak peaks are summarized in
Table 2.3. Based upon the data generated from the total
ion spectra, MRM analysis was used to detect the
combination of parent and daughter ions unique to each
deuterated and non-deuterated standard. The typical MRM
spectra generated are depicted in Figures 2.17 and 2.18.
Table 2.3 - The total ion spectral properties of the 
deuterated and non-deuterated guanine 
standards.
Standard Molecular Retention Parent Daughter
weight time ion ion
(min) (m/z) (m/z)
N7mG-d3 168 11.50 169.0 151.9
n 'iuG 165 11.58 166.1 149.0
ObmG-d3 168 14.35 168.8 152.0
OfimG 165 14.43 165.8 149.0
N ;eG-ds 184 13.97 185.0 152.9
N7eG 179 14.01 180.1 151.9
0 6eG-d5 184 17.04 184.8 152.8
0SeG 179 17.13 179.9 134.9
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Figure 2.17 - The multiple reaction monitoring spectra of each methylguanine standard 
generated by HPLC-MS/MS. Top, N7mG-d5 (11.50 min) and 06mG-ds (14.35 min); 
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Figure 2.18 - The multiple reaction monitoring spectra of each ethylguanine standard
generated by HPLC-MS/MS. Top, N7eG-ds (14.66 min) and OeeG-ds (17.69 min); 
Middle, N7eG (14.71 min) and 06eG (17.77 min); Bottom, composite of the 
above 2 graphs.
The standard calibration curve
By analyzing increasing concentrations of the 
alkylguanine standards, standard calibration curves were 
generated and minimum detection limits were calculated 
for each compound. The raw data are provided in Table 2.4 
and are depicted in graphical form within Figures 2.19 - 
2 .22.
Table 2.4 - The raw ion response data for the 
methylguanine standards.










0.62 - - 9 94
2.33 - - 8 177
1.25 17 112 - -
2.50 35 248 27 341
4.69 42 407 22 279
5.00 53 434 27 338
9.38 91 890 43 634
12.50 126 1168 48 688
18.75 - - 88 545
The minimum detection limits
The minimum detection limits on column and within 
tissue are listed in Table 2.5. The minimum detection 
limits on column were measured directly via MRM analysis. 
The minimum detection limits in tissue were calculated by 
dividing the minimum detection limits on column by the 
mean tissue weights.
57









0 2 4 6 8 10 12 14
Amount of standard (ng)













0 2 4 6 8 10 12 14
Amount of standard (ng)
Figure 2.20 - The standard calibration curve for 
06-methylguanine (R2=0.9974).
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Figure 2.22 - The standard calibration curve for 
06-ethylguanine (R2=0.9146).
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N7mG-d3 1.25 7.44 99.21 168 75
N7mG 1.25 7.58 101.01 165 75
ObmG-d;3 0.38 2.26 30.16 168 75
ObmG 0.38 2.30 30.71 165 75
N7eG-d5 0.62 3.37 44.93 184 75
NveG 0.62 3.46 46.18 179 75
ObeG-d5 0.37 2.01 26.81 184 75
06eG 0.19 1.06 14.15 179 75
Analysis of exposed livers for alkylquanine adducts
Alkylguanine DNA adducts were not found in the 
livers of those fish exposed to MNNG or EMS. The internal 
standards were present and detectable in the processed 
samples.
Discussion
The inability to detect alkyl-DNA adducts in the 
livers of Gambusia exposed to these alkylating agents may 
be related to the detection limits of this procedure. 
Previous work utilizing gas chromatography-mass 
spectrometry (GC-MS) to analyze for these alkylguanine 
adducts was able to detect a minimum of 30 fmoles on 
column (Law, 1996), between 35 and 250 times less than 
was possible using HPLC-MS/MS in this study. That 
previous study involved Gambusia exposed to direct acting 
alkylating agents under similar conditions as the current 
experiment. The measured methylguanine adduct levels were 
greater than 0.15 ng/mg tissue, and the measured 
ethylguanine adduct levels were greater than 0.02 ng/mg 
tissue. These adduct amounts were within the range of 
detection of the current experiment, however.
The nature of the alkylating agents in this study 
may also have played a role in the inability to detect
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any alkyl-DNA adducts. Both MNNG and EMS have been used 
to generate DNA adducts in DNA, bacteria, tissue culture 
cells, and via whole-body exposures in rats (Beranek,
1990). Their abilities to form hepatic DNA adducts via 
aqueous exposures have not been previously tested, 
however. Adducts may have been detectable in sites of 
direct contact, such as skin, gills, and oral mucosa.
MNNG, in particular, has a short aqueous half-life (Chen, 
1985; Blas-Machado, 1998) and may not have been stable 
long enough to form hepatic DNA adducts.
In addition, the fish used in this experiment were 
mature adults of at least 1 year of age. Older fish are 
known to be more resistant to hepatocarcinogenesis 
following chemical exposures. It is possible that older 
fish are also more resistant to the formation of DNA 
adducts, or possess more efficient mechanisms of repair 
than their younger counterparts.
As shown in Table 2.4, the N7-alkylguanines exhibited 
a lower ion response than their 06-alkylguanine 
counterparts when equimolar quantities were analyzed via 
HPLC-MS/MS. As a result, the detection limits of the N7- 
alkylguanines were higher than for the 06-alkylguanines. 
The N7-alkylguanines may ionize less completely under
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Apcl+ conditions than the 06-alkylguanines. The presence 
of adducts at N7-guanine may significantly inhibit the 
ionization of these compounds. In addition, the N7- 
alkylguanines were markedly hydrophobic and required 
incubation at 37°C in order to solubilize them under 
mildly acidic conditions. Incubation-induced degradation 
or solution heterogeneity could have been partially 
responsible for the decreased analytical response levels.
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Chapter 3: Assay for 06-Alkylguanine-DNA- 
Alkyltransferase Activity, and Its Inhibition by 
06-Bensylguanine, in the Livars of tha Gulf 
Killifish, Fundulus gxandis, and tha Western 
Mosquitofish, Gambusia affinis.
Hypothesis
Under in vitro conditions, alkyltransferase activity 
will be detected in the livers of the Gulf killifish, 
Fundulus grandis, and the western mosquitofish, Gambusia 
affinis. This activity will be inhibited by the addition 
of 06-benzylguanine to the system.
Materials and Methods
The procedure for the determination of 
alkyltransferase levels in these two fish species was 
divided into three parts. First, the hepatic protein 
fraction from each species was isolated and quantified. 
Second, calf thymus DNA was alkylated using tritiated N- 
methyl-W-nitrosourea. Third, the protein fractions and 
alkylated DNA were incubated together, in the presence or 
absence of the inhibitor 06-benzylguanine, and the 
transfer of tritiated methyl groups from DNA to protein 
was quantified.
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The isolation of hepatic protein fractions
Hepatic protein fractions were prepared based upon a 
modification of a previously published procedure 
(Nakatsuru, 1987). Ninety-one adult Gambusia and 29 adult 
Fundulus were anesthetized in tricaine methane sulfonate 
(200 mg/L) and decapitated. Gambusia lengths ranged from 
2.5 to 5.0 cm; Fundulus lengths ranged from 6.5 to 9.0 
cm. Livers were removed, weighed, and pooled together.
The pooled Fundulus livers were divided into four 
aliquots. All samples were frozen in liquid nitrogen and 
stored in sealed, polypropylene tubes at -75°C. The 
tissues were homogenized on ice in three volumes of 
Buffer A, which was composed of 50 mM Tris-HCl (pH 7.5),
1 mM dithiothreitol, and 0.1 mM EDTA. This was 
centrifuged for ten minutes at 12,000 x g at 4°C. After 
reserving the supernatant, the pellet was resuspended on 
ice in one volume of Buffer A and sonicated three times 
for thirty seconds each, separated by one minute 
intervals. The solution was then centrifuged for thirty 
minutes at 16,000 x g at 4°C. The supernatant was removed 
and combined with the previous supernatant.
The combined supernatant was made 80% saturated in 
ammonium sulfate and stirred for one hour at 4°C. The
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solution was centrifuged for fifteen minutes at 16,000 x
g at 4°C. The supernatant was decanted and the pellet
suspended in Buffer A. The sample was dialyzed twice
(6000-8000 molecular weight cut off) in greater than 100
volumes of Buffer A at 4°C to remove the ammonium sulfate.
The solution was centrifuged for twenty minutes at 16,000
x g at 4°C. The supernatant was reserved, and protein
levels were quantified utilizing a commercially available
protein quantification kit based upon the Lowry acid
precipitation method (Sigma: St. Louis)(See Table 3.1).
The protein extracts were frozen in liquid nitrogen and
stored in sealed, polypropylene tubes at -75°C.












Fundulus 8 3.25 8.40 27.3
Fundulus 6 2.65 9.56 25.3
Fundulus 7 3.00 9.62 28.9
Fundulus 8 3.60 9.52 34.2
Gambusia 91 3.90 9.58 37.4
The in vitro alkylation of DNA
Alkylated DNA was prepared based upon a modification 
of a previously published procedure (Musarrat, 1995). Six 
milligrams of calf thymus DNA was incubated with 0.60 mCi
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of [3H]-Af-methyl-AT-nitrosourea (5.0 mCi/ml, 19.0 mCi/mmol, 
radiochemical purity 93.9%) (Amersham Life Science: 
Arlington Heights, Illinois) in 6.0 ml 100 mM Tris-HCl 
(pH 8.0) for four hours at 37°C. The solution was dialyzed 
twice (6000-8000 molecular weight cut off) at 4°C in 500 
volumes of 100 mM Tris-HCl (pH 8.0) in order to remove 
unreacted [3H] -N-methyl-W-nitrosourea.
The sample was incubated within sealed polypropylene 
cryotubes at 75°C for 16-18 hours to release methyl 
adducts at the N3 and N7 positions of guanine. O6- 
methylguanine is heat stable at neutral pH (Beranek,
1980). The solution was then dialyzed twice more at 4°C in 
500 volumes of 100 mM Tris-HCl (pH 8.0) in order to 
remove the released bases. The DNA content was measured 
via 260/280 UV spectrophotometry (See Table 3.2). The 
alkylation of the DNA sample was determined by measuring 
its radioactivity in greater than ten volumes of Sigma- 
Fluor liquid scintillation cocktail for aqueous samples 
(Sigma: St. Louis) utilizing a Packard TriCarb 1900 TR 
Liquid Scintillation Analyzer (See Table 3.3). The 
alkylated DNA was stored at -75°C in sealed, polypropylene 
cryotubes.
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Table 3.2 - The DNA content of alkylated samples.




DNA-A 0.389 0.208 1.87 0.973 1556
DNA-B 0.301 0.160 1.88 0.760 1491
DNA-E 0.340 0.191 1.78 0.850 1360









(DPM/100 nl) (pCi) (fmoles) (fmoles/ng)
DNA-A 16250 117116 5788 3.72
DNA-B 14107 124673 6161 4.13
DNA-E 14761 106388 5258 3.87
Assay for alkyltransferase activity
The assay for alkyltransferase activity was based 
upon a modification of a previously published procedure 
(Musarrat, 1995) in which the transfer of methyl groups 
from the DNA to protein fractions is measured via 
radioscintillation counting. The assay samples contained 
20 ng of tritiated, alkylated DNA, 5-10 fil of 40% 
polyethylene glycol-400, and between 175 ng and 1050 ng of 
hepatic protein extract from either Fundulus or Gambusia. 
Buffer A was added to each sample to achieve a final 
volume of 250 jil each. A parallel control was run with 
each assay and was composed of all elements except the 
hepatic protein extract.
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The samples were incubated for thirty minutes at 
37°C. The reactions were stopped by adding 12% 
trichloroacetic acid to a final concentration of 0.52 N, 
and the samples were refrigerated for thirty minutes at 
4°C. They were then incubated at 70°C for thirty minutes 
to hydrolyze the DNA. Following refrigeration for ten 
minutes at 4°C, the samples were centrifuged at 13,000 x g 
for eleven minutes at room temperature. The supernatants 
were decanted, then the pellets were washed twice in 
cold, 12% trichloroacetic acid. Pellets were suspended in 
equal volumes of 0.2 N NaOH and 0.1 M Tris-HCl (pH 8.0) 
at 4°C.
Protein fractions were quantified using a 
commercially available assay kit, as previously 
described. The alkylation of the protein fraction was 
determined by measuring its radioactivity via 
scintillation counting, as previously described. The 
disintegrations per minute measured in the controls which 
lacked the protein fraction, were subtracted from those 
of the samples, and this adjusted measurement was used to 
calculate the alkyltransferase activities.
Alkyltransferase activities were expressed as fmoles 
tritiated methyl groups removed per fig DNA.
69
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Os-benzylquanine inhibition of alkyltransferase activity 
The 06-benzylguanine was dissolved in 40% 
polyethylene glycol and incubated at 37°C for 60 minutes. 
To assess the inhibition of alkyltransferase activity by 
this compound, 750-800 *ig aliquots of Fundulus or Gambusia 
hepatic protein extracts were preincubated in 20 jiM O6- 
benzylguanine (Sigma: St. Louis). The 06-benzylguanine 
incubations lasted twenty or forty minutes at 37°C. 
Following this, the assay for alkyltransferase activity 
continued, as previously described. Two parallel controls 
were run with each assay. One (Control 1) contained all 
reagents except 06-benzylguanine; the other (Control 2) 
contained all reagents except 06-benzylguanine and the 
protein fraction. Alkyltransferase activities were again 
expressed as fmoles tritiated methyl groups removed per jig 
DNA.
Alkyltransferase calculations
Given the measurements of sample disintegrations per 
minute (Sample DPM), disintegrations per minute in the 
parallel controls (Control DPM), and total DNA added to 
each sample, alkyltransferase activities were derived 
using the following calculations:
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Total Sample DPM
= Sample DPM x Scintillation Assay Volume 
Total Sample Volume
Total Control DPM
= Control DPM x Scintillation Assay Volume 
Total Control Volume
Corrected DPM
= Total Sample DPM - Total Control DPM
Sample Activity (pCi)
= Corrected DPM 
2.2
Tritiated Methyl Groups Removed per DNA (fmoles/fig)
= Sample Activity x Radiochemical Purity 
Specific Activity x DNA (fig) x 100
R*suits
Alkyltransferase activities were detected in the 
liver protein fractions from both Fundulus and Gambusia. 
These activities are detailed in Tables 3.4 and 3.5. Data 
normalized to the mean protein recovery for each species 
are also given. As the protein quantities were increased, 
the average level of methyl groups removed in Fundulus 
reached a plateau at approximately 1.1 fmoles per fig DNA, 
while Gambusia levels reached a plateau at approximately 
0.9 fmoles per fig DNA (see Figure 3.1) . The data as
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Table 3.4 - Fundulus alkyltransferase data (DPM = Disintegrations per 
minute).
















(t»g) (t»g) (pCi) (fmol) (fmol/ng) (%) (fmol/ng)
175a 175 40 1017 458 22.6 0.57 84 0.53
175b 175 40 861 388 19.2 0.48 83 0.46
175c 175 40 967 436 21.5 0.54 66 0.65
175d 175 40 1176 530 26.2 0.65 - -
175e 175 40 1112 501 24.8 0.62 - -
175f 175 40 1005 453 22.4 0.56 - -
350a 350 40 1792 807 39.9 1.00 72 1.10
350b 350 40 1291 582 28.7 0.72 75 0.75
350c 350 40 1595 719 35.5 0.89 67 1.04
700a 700 40 2434 1096 54.2 1.35 86 1.24
700b 700 40 1828 823 40.7 1.02 85 0.94
700c 700 40 1615 727 35.9 0.90 75 0.94
1050a 1050 40 2116 953 47.1 1.18 89 1.04
1050b 1050 40 1993 898 44.4 1.11 86 1.01






















Table 3.5 - Gambusia alkyltransferase data (DPM = Disintegrations per 
minute).
















(pg) (pg) (pCi) (fmol) (fmol/ng) (%) (fmol/Mg)
175a 175 40 840 378 18.7 0.47 62 0.57
175b 175 40 829 374 18.5 0.46 82 0.42
175c 175 40 820 369 18.3 0.46 62 0.56
175d 175 40 1252 564 27.9 0.70 - -
175e 175 40 1278 576 28.5 0.71 - -
175f 175 40 1160 523 25.8 0.65 - -
350a 350 40 1570 707 35.0 0.87 77 0.86
350b 350 40 1501 676 33.4 0.84 76 0.83
350c 350 40 1516 683 33.7 0.84 67 0.95
700a 700 40 1484 668 33.0 0.83 84 0.74
700b 700 40 1705 768 38.0 0.95 82 0.87
700c 700 40 1599 720 35.6 0.89 68 0.99
1050a 1050 40 1313 592 29.2 0.73 78 0.70
1050b 1050 40 1364 614 30.4 0.76 89 0.65






adjusted for the mean protein recovery in each species is 
depicted in Figure 3.2. In this in vitro experiment, the 
hepatic protein fractions of these two fish species 
removed less than 31% of the available tritiated methyl 
groups present in the DNA fraction.
Analysis of variance results for Fundulus 
alkyltransferase data are depicted in Table 3.6. The 
increases in alkyltransferase activity between the 175 ng 
protein level and the 350, 700, and 1050 ng protein levels 
were statistically significant (p < 0.05). The same 
results were generated when the alkyltransferase data 
were normalized to the mean protein recovery. The 
increase in activity was statistically significant (p < 
0.05) between the 350 and 1050 ng protein levels in the 
non-adjusted data only.
Similar analysis of variance results were generated 
in Gambusia (see Table 3.7). The increases in 
alkyltransferase activity between the 175 fig protein level 
and the 350, 700, and 1050 jig protein levels were 
statistically significant (p < 0.05). The same results 
were generated when the alkyltransferase data were 
normalized to the mean protein recovery. The increase in 
activity was statistically significant (p < 0.05) between
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Figure 3.2 - Alkyltransferase data for Fundulus and
Gambusia protein fractions adjusted for the 
mean protein recoveries.
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Table 3.6 - The analysis of variance data for the





P value P value - 
adjusted
(tig) (tig)
175 350 0.002 0.027
175 700 0.001 0.013
175 1050 1.63 x 10'* 0.002
350 700 0.234 0.630
350 1050 0.034 0.399
700 1050 0.749 0.762
Table 3.7 - The analysis of variance data for the 





P value P value - 
adjusted
(tig) (tig)
175 350 0.008 0.004
175 700 0.005 0.016
175 1050 0.036 0.036
350 700 0.329 0.877
350 1050 0.070 0.038
700 1050 0.063 0.138
the 350 and 1050 tig protein levels in the protein-adjusted 
data only.
The means, standard deviations, and 95% confidence 
intervals were calculated for the alkyltransferase data 
at each protein level in both species (see Tables 3.8 to 
3.11 and Figures 3.3 to 3.6). The 95% confidence 
intervals of the data adjusted for protein recovery were 
higher at three of four protein levels in both Fundulus 
and Gambusia.
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Table 3.8 - Statistical analysis of the alkyltransferase
data generated in Fundulus.








175 0.611 0.043 0.611 ± 0.034
350 0.868 0.140 0.868 ± 0.159
700 1.09 0.236 1.09 ± 0.268
1050 1.14 0.036 1.14 ± 0.041
V  1.4
1.2
•h  -L * - L  r
•H OTQ  1 - 0  '----
-M 2 Cn 0.9 -
n 3 0.8 •—  
8  ^ 0 . 7  1 -
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0 200 400 600 800 1000 1200
P r o t e i n  (ug)
Figure 3.3 - The 95% confidence intervals of the
alkyltransferase data generated in Fundulus.
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Table 3.9 - Statistical analysis of the alkyltransferase 
data generated in Fundulus adjusted for the 
mean protein recovery.








175 0.544 0.095 0.54 ± 0.076
350 0.961 0.184 0.96 ± 0.208
700 1.04 0.176 1.04 ± 0.200
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Figure 3.4 - The 95% confidence intervals of the
alkyltransferase data generated in Fundulus 
adjusted for the mean protein recovery.
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Table 3.10 - Statistical analysis of the alkyltransferase 
data generated in Gambusia.








175 0.532 0.109 0.532 ± 0.088
350 0.851 0.020 0.851 ± 0.023
700 0.888 0.052 0.888 ± 0.059
1050 0.774 0.062 0.774 ± 0.070
1.0i—I ^> 2x: Q n.qpa) CT> ’
e P
TJ \ - -i -oo•o(1)P  VCX3 <u o • t•H >P o-H e
U (D 0.6P u
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s np Ch
*
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Figure 3.5 - The 95% confidence intervals of the
alkyltransferase data generated in Gambusia.
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Table 3.11 - Statistical analysis of the alkyltransferase 
data generated in Gambusia adjusted for the 
mean protein recovery.








175 0.517 0.080 0.517 ± 0.064
350 0.878 0.060 0.878 ± 0.068
700 0.870 0.123 0.870 ± 0.139
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Figure 3.6 - The 95% confidence intervals of the
alkyltransferase data generated in Gambusia 
adjusted for the mean protein recovery.
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The preincubation of 06-benzylguanine with 700-800 fig 
of the Fundulus or Gambusia hepatic protein fractions 
failed to appreciably diminish alkyltransferase 
activities. Alkyltransferase data generated following the 
preincubation with 20 nM 06-benzylguanine for 20 or 40 
minutes are depicted in Tables 3.12 and 3.13 and Figures 
3 .7 and 3.8.
Fundulus samples exhibited alkyltransferase levels 
nearly equal to the parallel controls, both with and 
without adjustments for protein recovery. The 95% 
confidence intervals from protein-adjusted data were 
increased in each data series when compared to non­
adjusted data (see Tables 3.14 - 3.15 and Figures 3.9 - 
3.10) .
When incubated with 06-benzylguanine for 20 minutes 
the Gambusia protein fractions removed 14-17% fewer 
methyl groups from the DNA fractions when compared to the 
controls. However, the 40 minute incubations only removed 
7-8% fewer methyl groups than the controls. The 95% 
confidence intervals of protein-adjusted data were nearly 
equal to non-adjusted data (see Tables 3.16 - 3.17 and 
Figures 3.11 - 3.12).
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Table 3.12 - Fundulus alkyltransferase data following preincubation with O6-
benzylguanine (06BG = 06-benzylguanine; DPM = Disintegrations per 
minute).


















(»*g) (ug) (HM) (min) (pCi) (fmol) (fmol/ug) (%) (fmol/ng)
FBG-Oa 800 40 0 0 1795 808 40.0 1.00 63 1.12
FBG-Ob 800 40 0 0 1699 765 37.8 0.95 66 1.02
FBG-Oc 800 40 0 0 1565 705 34.8 0.87 81 0.77
FBG-20a 800 40 20 20 1821 820 40.5 1.01 72 0.99
FBG-20b 800 40 20 20 1555 700 34.6 0.87 72 0.85
FBG-20C 800 40 20 20 1960 883 43.6 1.09 61 1.27
FBG-40a 800 40 20 40 1781 802 39.7 0.99 80 0.88
FBG-40b 800 40 20 40 1789 806 39.8 1.00 75 0.94






















Table 3.13 - Gambusia alkyltransferase data following preincubation with O6-
benzylguanine (06BG = Oe-benzylguanine; DPM = Disintegrations per 
minute).














(ug) (ug) <HM) (min) (pCi) (fmol) (fmol/ng) (%> (fmol/ng)
GBG-Oa 750 40 0 0 1306 588 29.1 0.73 81 0.71
GBG-Ob 750 40 0 0 1500 676 33.4 0.83 83 0.79
GBG-Oc 750 40 0 0 1332 600 29.7 0.74 75 0.78
GBG-20a 750 40 20 20 1228 553 27.3 0.68 75 0.61
GBG-20b 750 40 20 20 1022 460 22.8 0.57 81 0.56
GBG-20C 750 40 20 20 1302 586 29.0 0.72 79 0.72
GBG-40a 750 40 20 40 1262 568 28.1 0.70 73 0.76
GBG-40b 750 40 20 40 1206 543 26.8 0.67 82 0.65
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Figure 3.7 - The alkyltransferase data in Fundulus and 
Gambusia samples preincubated with 05- 
benzylguanine for 20 minutes (O6BG-20) and 
40 minutes (O6BG-40).
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Figure 3.8 - The alkyltransferase data in Fundulus and 
Gambusia samples preincubated with O6- 
benzylguanine as in Figure 3.7, adjusted for 
the mean protein recovery.
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Table 3.14 - Statistical analysis of alkyltransferase 
data in Fundulus preincubated with 06- 
benzylguanine for 20 minutes (FBG-20) and 40 
minutes (FBG-40).









Control 0.94 0.06 0.94 ± 0.07
FBG-20 0.99 0.11 0.99 ± 0.13
FBG-40 0.98 0.02 0.98 ± 0.03
rH <> zs: Q■pCD O'e 3
VO■P •c(0 CD
•H >-P O•H 6P CDPI P
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Figure 3.9 - The 95% confidence intervals of
alkyltransferase data in Fundulus 
preincubated with 06-benzylguanine,
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Table 3.15 - Statistical analysis of alkyltransferase 
data in Fundulus preincubated with 06- 
benzylguanine, adjusted for mean protein 
recovery.








Control 0.97 0.18 0.97 ± 0.20
FBG-20 1.04 0.21 1.04 ± 0.24
FBG-40 0.94 0.07 0.94 ± 0.07
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>1 2  x: q  p(U O'e o










>  FBG-20 
-Ar- FBG-40
Sample
Figure 3.10 - The 95% confidence intervals of
alkyltransferase data in Fundulus 
preincubated with 06-benzylguanine, 
adjusted for the mean protein recovery.
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Table 3.16 - Statistical analysis of alkyltransferase 
data in Gambusia preincubated with 06- 
benzylguanine for 20 minutes (GBG-20) and 40 
minutes (GBG-40).








Control 0.77 0.06 0.77 ± 0.06
GBG-20 0.66 0.08 0.66 ± 0.09
GBG-40 0.71 0.05 0.71 ± 0.06
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Figure 3.11 - The 95% confidence intervals of
alkyltransferase data in Gambusia 
preincubated with 06-benzylguanine.
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Table 3.17 - Statistical analysis of alkyltransferase 
data in Gambusia preincubated with 06- 
benzylguanine, adjusted for the mean protein 
recovery.









Control 0.76 0.04 0.76 ± 0.05
GBG-20 0.63 0.08 0.63 ± 0.09


















Figure 3.12 - The 95% confidence intervals of 
alkyltransferase data in Gambusia 
preincubated with 06-benzylguanine, adjusted 
for the mean protein recovery.
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Discussion
The experiment suggests that both Fundulus and 
Gambusia possess the ability to remove methyl groups from 
hepatic DNA, although at low levels relative to most 
mammalian cells. In general, the alkyltransferase 
activities rose sharply between the 175 ug and 350 fig 
protein levels, then leveled off as protein levels were 
further increased. The plateaus occurred at points 
representing the removal of less than 31% of the 
available tritiated methyl groups within the DNA 
fraction.
Because the transfer of alkyl groups reached an 
early plateau with respect to increasing protein amounts 
in both fish species, direct comparison of numerical data 
between this study and others is not feasible. In those 
cells that are alkyltransferase competent the majority of 
the curve is linear, and the alkyltransferase activity is 
given as the slope of the line. If enough protein is 
added to the samples, the curve eventually reaches a 
plateau at which nearly all of the available O6- 
methylguanines have been repaired. This has been 
demonstrated in human gastric mucosa (Kyrtopoulos, 1984)
89
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and human liver (Pegg, 1982), which reached plateaus at 
88% and 97% methyl group removal, respectively.
Negligible alkyltransferase activities have been 
reported in various species and cell types, including 
mammals and other fish. The linear relationship between 
the repair of 06-methylguanine and increasing protein 
concentrations is not seen in those cell types that are 
markedly alkyltransferase-deficient. In most of these 
cases the quantity of alkyl groups removed from DNA rises 
slowly, or not at all as protein levels are increased. As 
in this study, the alkyltransferase activities in 
deficient cells reach a plateau well below the level at 
which all available methyl groups are removed.
Fish species that have been shown to lack an 
appreciable alkyltransferase protein dose response 
include the flamingo cichlid and Japanese char 
(Nakatsuru, 1987) . Among tissue culture cell lines, the 
CH0-K1 (Chinese hamster ovary), MDCK (canine kidney), and 
LLC-RK1 (New Zealand White rabbit kidney) cell exhibit 
similar alkyltransferase responses (Ikenaga, 1987) .
The assay utilized in this study provides a crude 
measurement of alkyltransferase activity in the form of 
the quantity of tritiated methyl groups removed from DNA
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per quantity of protein extract. No information was 
provided concerning the percentage of tritiated methyl 
groups in the DNA substrate that were in the form of 06- 
methylguanine.
Previous studies of alkyltransferase activity have 
analyzed the DNA substrates for alkyl-DNA adducts via 
HPLC combined with scintillation counting. As a result, 
the amount of tritiated methyl groups in the form of 06- 
methylguanine may be deduced, and the data may be given 
in the form of the quantity of 06-methylguanine repaired 
per quantity of protein extract. Following the alkylation 
of DNA using protocols very similar to that utilized in 
this study, the proportion of DNA radioactivity in the 
form of 06-methylguanine has ranged from 70% to 80% 
(Waldstein, 1982; Myrnes, 1984; Ikenaga, 1987; Isowa,
1991).
Because the measurements of post-assay protein 
recovery varied between 61% and 89%, the alkyltransferase 
results in this study have been presented in two forms, 
directly measured data and data adjusted for protein 
recovery. In both Fundulus and Gambusia the 95% 
confidence intervals for the alkyltransferase data 
adjusted for protein recovery were larger at 3 of the 4
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protein levels. This suggests that the directly measured 
data may be a more accurate reflection of the 
alkyltransferase activity than the data adjusted for 
protein recovery. It is possible that the protein assay 
used in this study may have provided inaccurate readings 
due to the presence of interfering substances, such as 
Tris buffer and sodium hydroxide, in the assay medium.
The addition of 06-benzylguanine to the 
alkyltransferase assay media failed to significantly 
inhibit the transfer of methyl groups from the DNA 
fraction. Under similar conditions, the preincubation of 
this compound with the human alkyltransferase for 20 
minutes decreased the activity of the protein to 
approximately 4% of that in control samples (Dolan,
1990). This was not evident in the fish samples of this 
study after 20 or 40 minutes of preincubation with the O6- 
benzylguanine at a concentration 8 times that of the 
aforementioned study.
The lack of inhibition by 06-benzylguanine in these 2 
fish species is not unprecedented. The compound has been 
ineffective as an inhibitor of the Saccharomyces 
cerevisae and Escherichia coli Ada alkyltransferase 
proteins (Dolan, 1991b; Pegg, 1993). It has been
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hypothesized that steric hindrance due to the large size 
of the microbial alkyltransferases may hinder the 
interactions between the 06-benzylguanine and the 
proteins. Since the fish alkyltransferase has yet to be 
purified and characterized, it is not known whether the 
protein is similar in size and shape to that of bacteria 
and yeast or to that of mammalian species.
However, given the lack of a positive mammalian 
control in this study, the possibility that the inhibitor 
may not have been active at all in this in vitro system 
must be considered. 06-benzylguanine is inherently 
insoluble in most liquid media. In order to solubilize 
it, the inhibitor was incubated in 40% polyethylene 
glycol for 60 minutes at 37°C. It is possible that the 
incubation could have inactivated the compound, although 
this seems unlikely since 37°C is the temperature at which 
it is active in mammalian species. Of more concern is the 
possibility that the compound may have been 
heterogeneously distributed within the polyethylene 
glycol or bound to the sides of the incubation vial in an 
invisible manner. Either scenario could have led to 
insufficient transfer of 06-benzylguanine to the assay 
media.
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Chaptar 4: The Carcinogenic!ty of N-mathyl-N'- 
nitro-N-nitrosoguanidine (HHN6) in tha Shaapahaad 
Minnow, Cyprinidon variagatua
Hypothesis
A significant number of sheepshead minnows,
Cyprinidon variegatus, will develop neoplasms following 
exposure to W-methyl-Af'-nitro-AT-nitrosoguanidine (MNNG). 
Materials and Methods
Seventy-two hour old Cyprinidon fry were immersed 
for 90 minutes in 1.5 liters of oxygenated, 
dechlorinated, 25 parts per thousand saltwater containing 
0.02 mM or 0.2 mM A/-methyl-N'-nitro-A/-nitrosoguanidine 
(MNNG) (Sigma: St. Louis, MO). The MNNG was dissolved in 
dimethylsulfoxide prior to its addition to the exposure 
vessel. The temperature was maintained at 27±1°C, and 
dissolved oxygen levels and pH were monitored pre­
exposure. Following exposure the fish were rinsed in 
dechlorinated, 25 parts per thousand saltwater and 
transported to 40 liter aquaria. Fish were maintained in 
filtered, dechlorinated, 25 parts per thousand saltwater 
at 27±1°C.
Fish were sampled at ten week intervals until 40 
weeks post-exposure (see Table 4.1) and euthanized in 200
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mg/L tricaine methane sulfonate. Entire specimens were 
placed in cassettes and fixed overnight in zinc-buffered 
formalin, then decalcified in TBD-2 solution (Shandon- 
Lipshaw: Pittsburgh, PA) for four to six hours. Following 
neutralization in sodium bicarbonate, cassettes were held 
in 10% neutral buffered formalin until routine 
histopathological processing. Each fish was sectioned 
through the left eye and midline and stained with 
hematoxylin and eosin.
Table 4.1 - Number of fish sampled at each time interval.
Sampling
Interval
Control 0.02 mM MNNG 0.2 mM MNNG
(weeks) (# specimens) (# specimens) (# specimens)
10 25 26 25
20 26 25 25
30 16 16 16
40 14 14 12
Rasults
Histopathological analysis of these hematoxylin and 
eosin stained slides revealed no neoplasms in the treated 
or control fish. One control fish sampled at 30 weeks 
exhibited multiple, small, discrete clusters of poorly 
demarcated macrophages containing abundant, yellow/brown, 
granular pigment within the region of the posterior 
kidney. The morphology of these aggregates was consistent
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with previous descriptions of piscine macrophage 
aggregates (melano-macrophage centers).
Piscine macrophage centers have been reported in a 
wide variety of fish species as well as turtles and 
amphibians. These structures are found most commonly 
within or associated with hematopoietic organs and 
consist of aggregates of macrophages containing 
lipofuscin, hemosiderin, and/or melanin. They appear to 
play a role in the storage and recycling of endogenous 
and exogenous materials. Piscine macrophage centers may 
develop in response to the presence of foreign materials, 
cellular degradation products, and toxic or infectious 
disease processes, and they have been proposed as 
potential environmental biomarkers (Wolke, 1992) . Their 
significance within this control specimen is uncertain. 
Discussion
Several factors may have played a role in the lack 
of positive results in this carcinogenesis assay. 
Cyprinidon has been infrequently used as a carcinogen 
assay organism with mixed results. Neoplasms have been 
generated in this species following exposure to 
diethylnitrosamine and benzidine, but tumors were not 
detected following exposure to aflatoxin Bi. With
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relatively sparse data available supporting the 
reliability of Cyprinidon as a carcinogen biomonitor, it 
is possible that this fish possesses some inherent 
resistance to the carcinogenic effects of MNNG and other 
compounds at the commonly used exposure levels.
The chemical properties of the carcinogen, MNNG, may 
also have been an important factor. The compound is a 
well documented carcinogen under many conditions, but is 
very unstable in water (Chen, 1985). It is viable for 
less then two hours in saltwater (Blas-Machado, 1998) . 
Given the aqueous instability of MNNG, the possibility 
that the fish were exposed to sub-carcinogenic 
concentrations must be considered.
Also, the initial design of the experiment may not 
have been optimal. The sampling periods of between 10 and 
40 weeks were based upon previous data generated from 
Gambusia that had been exposed to methylazoxymethanol 
acetate, another direct acting methylating carcinogen 
(Law, 1994). Perhaps the growth of MNNG-associated 
neoplasms proceeds at a slower rate, in which case they 
may have been detected in fish sampled at later time 
periods post-exposure. This was the case in medaka 
(Oryzias latipes) that had been exposed to MNNG under
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conditions similar to that in this study (Bunton, 1996). 
In that experiment, numerous MNNG-associated neoplasms 
were found in fish at 12 to 18 months post-exposure.
Finally, the overall numbers of fish utilized in 
this experiment may have been too low to detect a low 
neoplastic incidence. The initial plan was to sample 25 
fish from each group at each time point. However, 
excessive fry deaths during and post-exposure decreased 
the available fish to approximately 50% of that target by 
the last sampling period.
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Chapter 5: Sunmary
Aspects of DNA alkylation and repair were examined 
in small fish species. The alteration of hepatic DNA of 
Gambusia affinis in the form of alkyl-DNA adducts was not 
found following whole body aqueous exposures to MNNG or 
EMS. The protocol utilizing HPLC-MS/MS analysis was 
capable of detecting these alkyl-DNA adducts at the low 
levels reported in previous fish studies, however 
(Maccubbin, 1994; Law, 1996). Future work with more 
commonly used aqueous exposure agents, such as 
diethylnitrosamine and methylazoxymethanol acetate, may 
validate the use of HPLC-MS/MS technology in the 
measurement of DNA adducts in these fish species.
Alkyltransferase activity was detected, albeit at 
low levels, in the livers of both Gambusia affinis and 
Fundulus grandis, but the addition of 06-benzylguanine 
failed to inhibit the actions of this protein. Much 
remains to be learned concerning the activities of 
alkyltransferases and other DNA repair mechanisms in fish 
species. Future studies should focus upon more precise 
protocols for the measurement of alkyltransferases, such 
as those utilizing DNA adduct analysis, 
immunohistochemical techniques, and the polymerase chain
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reaction. Further studies into this and other mechanisms 
of DNA repair in fish species may help to elucidate the 
mechanisms of hepatocarcinogenesis noted to be prevalent 
in these animals.
Despite the absence of neoplasms generated in 
Cyprinidon variegatus during this MNNG carcinogenesis 
study, small fish species collectively have a well- 
documented record as carcinogen assay organisms. The 
experiment described here may have been hampered by the 
incorporation of an excessively short tumor incubation 
time period and too few test organisms.
However, taken together, the results of these 3 
experiments suggest that Gambusia affinis and Cyprinidon 
variegatus may not be ideal bioassay organisms for DNA 
alkylation and repair. Their small sizes are 
disadvantageous in those protocols in which tissues must 
be pooled together to achieve adequate quantities. The 
availability of clean organisms from non-contaminated 
environments is also an important issue, particularly for 
Gambusia affinis and Fundulus grandis, which are used 
infrequently in biological and toxicological testing. 
Future resources in aquatic toxicological and biological 
research may be better used by focusing upon developing
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standards for more commonly used indicator species, such 
as Oryzias latipes and Fundulus hetezoclitus.
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